). In the current study, the effects of altered glycosylation on virion infectivity, growth in cells of vertebrates and invertebrates, heparin binding, virulence in mice, and replication in mosquitoes were assessed. Particle-to-PFU ratios for E1-139 and E2-196 mutant strains were similar to that for TE12, but this ratio for the E1-245 mutant was 100-fold lower than that for TE12. Elimination of either E2 glycosylation site increased virus binding to heparin and increased replication in BHK cells. Elimination of either E1 glycosylation site had no effect on heparin binding but resulted in an approximately 10-fold decrease in virus yield from BHK cells compared to the TE12 amount. No differences in pE2 processing were detected. E2-196 and E2-318 mutants were more virulent in mice after intracerebral inoculation, while E1-139 and E1-245 mutants were less virulent. The E1-245 mutant showed impaired replication in C7/10 mosquito cells and in Culex quinquefasciatus after intrathoracic inoculation. We conclude that the increased replication and virulence of E2-196 and E2-318 mutants are primarily due to increased efficiency of binding to heparan sulfate on mammalian cells. Lack of glycosylation at E1-139 or E1-245 impairs replication in vertebrate cells, while E1-245 also severely affects replication in invertebrate cells.
Sindbis virus (SINV), the prototype alphavirus in the family Togaviridae, is an arthropod-borne virus that cycles between mosquitoes and wild birds and causes summertime outbreaks of rashes and arthritis in humans (17, 34) . In mice, SINV causes encephalomyelitis and serves as a useful model for the study of alphavirus infections of the central nervous system (CNS). The virion is enveloped and has icosahedral symmetry, with a single linear strand of positive-sense RNA surrounded by a capsid and two transmembrane glycoproteins, E1 and E2, that heterodimerize and then form trimeric spikes on the surface. Each of the viral glycoproteins has two N-linked glycosylation sites at E1 positions 139 and 245 (E1-139 and E1-245) and at E2 positions 196 and 318 (E2-196 and E2-318) that are used (4, 42) . Some glycosylation is required for proper folding and transport of the glycoproteins, as total ablation of glycosylation by treatment with tunicamycin results in failure of E1 and E2 to be transported through the Golgi apparatus to the cell surface (31, 32) .
The type of carbohydrate, high-mannose carbohydrate or complex oligosaccharide, at a glycosylation site varies with the type and growth state of the cell infected (3, 18, 23, 28, 29, 35, 51) . In insect cells, all sites have high-mannose sugars (22) due to the absence of N-acetylglucosaminyl-, galactosyl-, and sialyltransferases (5) . In vertebrate cells, the distribution of complex and high-mannose carbohydrates is largely determined by the accessibility of the site to processing enzymes in the Golgi apparatus (23) .
E1 has an extracellular domain that contains the internal fusion peptide. The carbohydrate at E1-139 consists of complex oligosaccharides in vertebrate cells (35) , while the carbohydrate at E1-245 has a mixture of complex and high-mannose oligosaccharides (24, 35) . These glycosylation patterns are consistent with E1-139 being located away from the center of the trimer spikes and more accessible to processing enzymes and E1-245 being located near the base of the spikes and less accessible, as shown by cryo-electron microscopy difference maps (41) . Studies of the related alphaviruses Ross River virus and Semliki Forest virus indicate that the heterohexameric spike complexes surround an apparently hollow area at the center of the spikes (8, 12, 21 ) that in SINV is occupied by the E1-245 carbohydrate (41) .
E2 is the receptor binding protein, and it interacts with the capsid protein during virion morphogenesis and has an extracellular domain that covers much of E1 to constitute the majority of the exposed protein in the virion spikes (39, 52, 52) . The carbohydrate at E2-196 consists mostly of complex oligosaccharides, while the carbohydrate at E2-318 is of the highmannose type (24, 35) . Studies using antibodies and antibody escape mutants (9, 37, 44, 50) , cryo-electron microscopy (41, 49) , and mass spectrometry (40) to determine surface confor-mation and exposed peptides indicated that the carbohydrate at E2-196 is exposed on the surface of the spike, near the top. The carbohydrate at E2-318 is located at the bottom of the spike complex, on top of the membrane.
Previous studies have shown that deleting or inserting SINV glycosylation sites affects virus assembly, binding to host cells, and antibody reactivity (9, 10, 32) . Because the presence or absence of glycosylation affects various aspects of the SINV life cycle, small changes in E1 or E2 structure can affect neurovirulence, and effects can be cell type specific, we analyzed the effects of deleting each of the glycosylation sites on virion infectivity, heparin binding, virus replication in vertebrate and invertebrate cells, glycoprotein processing and trafficking, neurovirulence in mice, and infection of mosquitoes.
MATERIALS AND METHODS
Viruses and cells. BHK-21 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin G, and 100 g/ml streptomycin sulfate at 37°C in a 5% CO 2 atmosphere. C7/10 mosquito cells (46) were grown at 28°C in 5% CO 2 in minimal essential medium supplemented with 10% FBS, 5% tryptose phosphate broth, penicillin, and streptomycin.
Recombinant strains of SINV TE12 (33) mutated to change the asparagine at E1-139, E1-245, E2-196, or E2-318 to glutamine were previously described (41) and were acquired as cDNAs (courtesy of Richard Kuhn, Purdue University, and Dennis Brown, North Carolina State University). Full-length RNA was transcribed from the cDNAs by using the mMessage mMachine in vitro transcription kit for SP6 promoters (Ambion) and transfected into BHK-21 cells by using Lipofectin. Supernatant fluids were collected, and viral titers were determined by plaque assay on BHK cells. 35 S-labeled virus was prepared by growing virus in cysteine/methionine-free DMEM supplemented with 3.3 Ci/ml Translabel 35 S (MP Biomedicals, Irvine, CA). Virus was purified by polyethylene glycol precipitation followed by sedimentation on a potassium tartrate gradient as previously described (6) . Virus was resuspended in phosphate-buffered saline (PBS; pH 7.2) containing 0.5% bovine serum albumin and stored at Ϫ70°C until used.
Particle-to-PFU ratio. The ratio of virus particles to PFU was determined by electron microscopy. Direct counts from electron micrographs were done by mixing potassium tartrate-banded virus previously assayed for infectious virus with a known concentration of 100-nm polystyrene beads (Molecular Probes). This mixture was applied to a glow-discharged 400-mesh Parlodion-coated copper electron microscopy grid and allowed to dry. Grids were stained with uranyl acetate and examined at ϫ15,000 magnification. Ten randomly chosen fields were photographed and digitized for each grid. Images were examined under various conditions of brightness and contrast at a final magnification of ϫ95,000 to ensure that all virus particles and polystyrene beads were counted. The average numbers of virus particles and polystyrene beads for the 10 electron micrographs were used to calculate the virus particle concentration as follows: X ϭ concentration of beads ϫ no. of virus particles/no. of beads.
Heparin-Sepharose chromatography. The heparin binding properties of the viruses were determined as previously described (6) . Briefly, 35 S-labeled virus was loaded onto a HiTrap heparin high-performance 1-ml column (Amersham Pharmacia) in 100 l of column binding buffer (100 mM NaCl, 5 mM phosphate, 0.5% bovine serum albumin, pH 7.5) and eluted with a 100 mM-to-500 mM NaCl gradient. One-milliliter fractions were collected and analyzed for 35 S cpm and for [NaCl] by measuring conductivity. Each virus was tested three or four, times and the concentrations of NaCl at which there was a peak in virus elution, as determined by radioactivity, were averaged.
Virus replication in tissue culture. BHK or C7/10 cells were infected at a multiplicity of infection (MOI) of 8 to 10. Virus was suspended in DMEM and 2% FBS and added to cells for 1 h at 37°C. Cells were washed, and medium was replaced. At each time point, 50 l of supernatant fluid was harvested and replaced with an equal volume for each of three wells. Titers of the samples were determined by plaque assay on BHK cells.
Pulse-chase analysis of glycoproteins. Five hours after infection (MOI ϭ 5), BHK-21 cells were incubated with Met-and Cys-free DMEM for 1 h followed by the addition of 50 Ci/ml Translabel 35 S for 20 min. Cells were washed with PBS and incubated with chase medium (DMEM-10% FBS plus 15 mg/liter L-Met). At various times after the pulse, cells were washed with cold PBS and lysed with radioimmunoprecipitation assay buffer (1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% Na deoxycholate, 50 mM Tris-HCl [pH 8.0], 150 mM NaCl). Samples were stored at Ϫ80°C and analyzed simultaneously. SINV structural proteins were immunoprecipitated with a polyclonal rabbit antibody (25) and protein A-conjugated beads (Thermo Scientific, Waltham, MA). Protein processing was visualized by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography.
Infection of mice. Groups of 19 to 23 CD-1 or C57BL/6 mice (Charles River, Wilmington, MA) were infected intracerebrally with 1,000 PFU virus in 20 l Hanks balanced salt solution (HBSS). Control mice were inoculated with the same volume of HBSS. CD-1 mice were infected at 2 days, 1 week, 2 weeks, 3 weeks, or 10 weeks of age. C57BL/6 mice were infected at 3 weeks of age. Mice were observed daily for morbidity and mortality.
To assess virus replication, brains and spinal cords were collected from three 17-day-old CD-1 mice at 3, 5, and 7 days after infection with virus. Tissues were weighed, homogenized, and assayed for plaque formation on BHK cells. All animal experiments were performed in accordance with protocols approved by the Johns Hopkins Animal Care and Use Committee.
Infection of mosquitoes. Culex quinquefasciatus were generously supplied as pupae by Robin Todd (Insect Control Research, Baltimore, MD). Pupae were allowed to eclose in the insectary at Johns Hopkins. Adults were kept at 26°C, 80% relative humidity, and a 14-h/10-h light-dark cycle and allowed to feed on 15% sucrose ad libitum. At 3 to 5 days of age, 40 adult female mosquitoes were injected in the membranous area anterior to the mesepisternum with 100 PFU of virus in a volume of 0.4 l HBSS (43) . After infection, mosquitoes were held at 24°C, 80% relative humidity, and a 12-h/12-h light-dark cycle. Three mosquitoes were collected daily for up to 8 days after infection and frozen at Ϫ70°C. For virus titrations, mosquitoes were homogenized in 1 ml PBS, and the homogenates were clarified and assayed for infectious virus by plaque formation on BHK cells. Experiments were repeated twice, and data were averaged.
Statistical analysis. Mouse mortality data were subjected to Kaplan-Meier survival analysis using the log rank test. One-way analysis of variance (ANOVA) with Dunnett's correction was used to compare heparin binding data. Two-way ANOVA was used to identify differences between replication curves by using the Bonferroni correction (GraphPad Prism, version 4).
RESULTS

Virion infectivity.
To determine whether the virus particles produced by BHK cells were similarly infectious, the particleto-PFU ratios for the viruses were assessed by using a combination of electron microscopy to count virus particles and assays for infectious virus. TE12 and E1-139 and E2-196 mutant strains had similar particle-to-PFU ratios (73, 65, and 21, respectively), while the E1-245 mutant was approximately 100-fold less infectious (with a particle-to-PFU ratio of 9,710). We were not successful in determining a ratio for the E2-318 mutant, because the virions could not be visualized on the micrographs.
Heparin binding. Many viruses, including most laboratory strains of SINV, use the abundantly expressed negatively charged glycosaminoglycan heparan sulfate (HS) for initial interaction with host cells (6, 11, 14, 30, 48, 57) . To assess the effects of deletion of individual glycosylation sites on SINV interaction with heparin, the NaCl concentration required to elute each of the viruses from a heparin-Sepharose column was determined ( Fig. 1; Table 1 ). Viruses grown in BHK cells with mutations at either site in E1 bound heparin equivalently to the parent TE12 virus. However, viruses lacking either E2 glycosylation site bound heparin more strongly than the parent virus, with the greatest effect for the E2-196 mutant. All elution profiles had sharply defined peaks except for the E2-318 mutant, suggesting heterogeneity in this virion population (Fig. 1E  and F) .
Because HS and sialic acid (often the terminal monosaccharide in mammalian cell-derived N-linked carbohydrates) are (Fig. 2) . Both of the E1 glycosylation-deficient mu-FIG. 1. Representative heparin-Sepharose NaCl elution profiles. 35 S-labeled viruses were grown in BHK or C7/10 cells, gradient purified, and applied to heparin-Sepharose columns. Elution was performed with a 100 mM-to-500 mM NaCl gradient. Fractions were collected and analyzed for 35 S cpm and [NaCl] to determine the NaCl concentration at which there was peak virus elution. a Viruses (TE12 parent strain and TE12 strains with asparagine-to-glutamine mutations at single glycosylation sites) were grown in either BHK cells or C7/10 mosquito cells.
b P values refer to the comparison of the elution concentration to that of TE12 grown in BHK cells (ANOVA with Dunnett's correction). NS, not significant. tants grew less well than TE12. The E1-139 mutant reached lower titers (P value of Ͻ0.001 at 24 h), while the E1-245 mutant both reached lower peak titers and grew more slowly than TE12 (P value of Ͻ0.001 between 8 and 24 h). In contrast, both of the E2 glycosylation-deficient mutants grew better than the parent virus (for the E2-196 mutant, the P value was Ͻ0.001 at 10 and 20 h; for the E2-318 mutant, the P value was Ͻ0.001 at 6, 8, and 10 h).
To determine if glycosylation site mutations affected structural protein maturation from the precursor polyprotein to individual proteins, we monitored protein processing (Fig. 3) . E1 and pE2 are transported together from the endoplasmic reticulum to the plasma membrane, and pE2 is processed to E2 shortly before virus release. Viral glycoproteins were synthesized to similar degrees in TE12-and E1-139, E1-245, and E2-196 mutant-infected cells but were undetectable in E2-318 mutant-infected cells (data not shown). No differences were detected in processing of precursor polyprotein pE3E2E1 to pE2 or pE2 to E2.
Virulence in mice. Because mice show an age-dependent susceptibility to SINV-induced encephalomyelitis (16, 27, 53) , virulence for CD-1 mice was assessed across a broad age range (Fig. 4) . All viruses caused fatal disease in mice infected at 2 days (Fig. 4A) and 1 week (Fig. 4B ) of age. However, death due to the E1-245 mutant occurred later for 2-day-old mice (P ϭ 0.0107), and deaths due to the E1-245 mutant and the E1-139 mutant were later than those due to TE12 or the E2 mutant viruses for 1-week-old mice (P ϭ 0.019). Most 2-weekold mice infected with the E1 mutants survived, but most of the mice infected with TE12 or the E2 mutants did not survive (P Ͻ 0.0001) (Fig. 4C) . Thus, deletion of either glycosylation site in E1 reduced virulence in mice.
All 3-week-old animals survived infection with TE12, but deaths occurred among the mice infected with the E2-196 (35% mortality) and E2-318 (30% mortality) mutants (Fig.  4D ) (P ϭ 0.0251). Very few 10-week-old mice died after infection with any of the viruses (data not shown). Because CD-1 mice are outbred, we also assessed virulence of these viruses in C57BL/6 mice known to be particularly susceptible to SINV encephalomyelitis (Fig. 4E) (54, 55) . In 3-week-old C57BL/6 mice, both E2 mutant viruses were more virulent than TE12, with 43% mortality for mice infected with the E2-196 mutant and 77% mortality for mice infected with the E2-318 mutant, in comparison to 14% mortality for mice infected with TE12 (P ϭ 0.0026).
Virus replication in the CNS. Because virulence was most clearly differentiated in mice 2 or 3 weeks of age (Fig. 4) , virus replication in the CNS in 17-day-old CD-1 mice was assessed (Fig. 5) . The E1-139 and E1-245 mutants generally replicated less well and were cleared more rapidly from both the brain (Fig. 5, left panel) and the spinal cord (Fig. 5, right panel) than TE12 or the E2 glycosylation mutants. Clearance of virus from the spinal cord was slower for the E2 mutants than for TE12, and none of the E2-196 mutant-infected mice survived to day 7.
Virus growth in C7/10 cells. To determine the consequences of deletion of glycosylation sites on replication of SINV in invertebrate cells, C7/10 mosquito cells were infected, and virus production was monitored (Fig. 6A and B) . Replication of the E1-139 mutant was more rapid than TE12 at early times after infection, while growth of the E2 mutants was slower. The E1-245 mutant replicated substantially less well than the other viruses.
Virus growth in mosquitoes. To determine the effect of mutations on virus replication in mosquitoes, adult Culex quinquefasciatus mosquitoes were infected by intrathoracic inoculation, and virus replication was monitored (Fig. 6C and D) . For all viruses except the E1-245 mutant, levels increased steadily over the first 3 to 4 days after inoculation and plateaued at similar levels. Levels of the E1-245 mutant were lower at all times examined.
DISCUSSION
As with other enveloped RNA viruses (2, 15, 47) , the effects of loss of glycosylation had various effects on the biologic properties of SINV depending on the specific site mutated and the cell in which the virus replicated. Some glycosylation at sites on E1 or E2 is essential for SINV replication because total inhibition of glycosylation with tunicamycin completely prevents virus production (31, 32) . However, effects are more subtle if only single sites are affected, and mutation of each of the four glycosylation sites in E1 and E2 of SINV had distinct biologic effects. Each protein has one site (E1-139 and E2-196) with a complex carbohydrate that is relatively exposed on the virion surface and deletion of these sites did not affect virion infectivity. Deletion of either of the glycosylation sites in E2 improved the affinity with which virions bound to heparin, improved replication in BHK cells, and increased virulence for mice but had little effect on replication in C7/10 mosquito cells or in mosquitoes. Each protein also has one site (E1-245 and E2-318) with a mostly high-mannose carbohydrate that is close to the membrane and important for virion function (41) . The deletion of E1-245 decreased virion infectivity 100-fold, and the E2-318 mutant was not stable under the conditions used for analysis. The deletion of the glycosylation sites in E1 did not affect heparin binding but decreased replication in BHK cells and virulence for mice, particularly for the E1-245 mutant, for which replication was impaired in C7/10 cells as well. Previous observations that altered alphavirus glycosylation does not affect the processing of pE2 (13, 36, 38) were confirmed. Interaction with the cellular glycosaminoglycan HS is an initial electrostatic binding event for the E2 glycoproteins of many strains of SINV, including TE12, the parent strain for these studies (6, 7, 26) . Efficient HS binding is charge depen -FIG. 4 . Effects of elimination of individual glycosylation sites on neurovirulence in mice. Groups of 19 to 23 CD-1 mice at 2 days (A), 1 week (B), 2 weeks (C), or 3 weeks (D) of age or C57BL/6 (B6) mice at 3 weeks of age (E) were inoculated intracerebrally with 1,000 PFU of TE12 or an E1-139, E1-245, E2-196, or E2-318 mutant and followed for mortality. Deaths due to the E1-245 mutant were later than deaths due to TE12 among 2-day-old (P ϭ 0.0107) and 1-week-old (P ϭ 0.019) mice. Both E1-139 and E1-245 mutants were less virulent in 2-week-old mice (P Ͻ 0.0001) than TE12. The E2-196 and E2-318 mutants were more virulent in 3-week-old CD-1 (P ϭ 0.0251) and B6 (P ϭ 0.0026) mice. dent (56) and associated with basic amino acids at four regions in the E2 linear sequence: positions 62 to 76, 114, 157 to 159, and 230 (7, 30, 30) . Elimination of the carbohydrate moiety at E2-196 may make the HS binding site for SINV more accessible. However, complex carbohydrates synthesized in vertebrate cells have negatively charged terminal sialic acid residues that could contribute to alterations in HS binding due to elimination of charge repulsion. This was confirmed by demonstration of a reduction in heparin binding for TE12 grown in mosquito cells that lack the ability to modify complex carbohydrates with sialic acid. Furthermore, the position of the E2-318 carbohydrate at the base of the spike (41, 58) is not in the region of predicted HS binding by E2. Improved replication of E2-196 and E2-318 mutants in BHK cells is consistent with improved HS binding and the ability of positively charged proteins to inhibit cellular infection with alphaviruses that bind HS (56) . In contrast, replication in C7/10 cells was slowed slightly, and there was no difference in replication in mosquitoes, perhaps due to lack of importance for HS in binding to invertebrate cells. The ability to bind HS is strongly selected in vitro, as it greatly improves the efficiency with which mammalian cells are infected (6, 30) and can even expand the host range of alphaviruses (20) . Improved efficiency of infection of both vertebrate and invertebrate cells with elimination of glycosylation sites has also been observed for West Nile virus, but the mechanism was not identified (19) .
The importance of HS binding for virulence is more complicated. Binding to HS leads to more rapid hepatic clearance from circulation (7) . Prolonged viremia in vivo selects against HS binding by replacement of positively charged amino acids in E2 with uncharged or acidic amino acids (7). However, once the virus is in the CNS, binding to HS appears to improve the ability of SINV to replicate in neurons (1, 45) . In the current study, virus was inoculated intracerebrally, and the E2 mutants with improved HS binding replicated better and caused higher mortality in 2-to 3-week-old mice, further suggesting that binding to HS increases neurovirulence.
Compared to the case for the E2 mutants, the effects of deletion were more varied for viruses without glycosylation at E1-139 or E1-245 in vertebrate cells, and neurovirulence was decreased, even in young mice. The E1-245 mutant was particularly impaired, with decreased virion infectivity and decreased replication in invertebrate cells and mosquitoes as well as vertebrate cells. The E1-245 site is near the base and close to the threefold axis of the spike (58) , and it may participate in regulation of the conformational change in the spike required for fusion and entry (41) . The mechanisms by which elimination of E1 glycosylation sites affect replication in a cell typespecific way are not clear and will require further investigation.
